Hepatitis C virus (HCV) has a positive-stranded RNA genome and belongs to the family Flaviviridae (21). HCV chronically infects more than 130 million people worldwide (34), and HCV infection often induces liver cirrhosis and hepatocellular carcinoma (19, 28) . To date, pegylated interferon (PEG-IFN) and ribavirin are the standard treatments for HCV infection. However, many patients cannot tolerate their serious side effects. Therefore, the development of new and safer therapeutic methods with better efficacy is urgently needed.
Hepatitis C virus (HCV) has a positive-stranded RNA genome and belongs to the family Flaviviridae (21) . HCV chronically infects more than 130 million people worldwide (34) , and HCV infection often induces liver cirrhosis and hepatocellular carcinoma (19, 28) . To date, pegylated interferon (PEG-IFN) and ribavirin are the standard treatments for HCV infection. However, many patients cannot tolerate their serious side effects. Therefore, the development of new and safer therapeutic methods with better efficacy is urgently needed.
Lipids play important roles in HCV infection and replication. For example, the HCV core associates with lipid droplets and recruits nonstructural proteins and replication complexes to lipid droplet-associated membranes which are involved in the production of infectious virus particles (24) . HCV RNA replication depends on viral protein association with raft membranes (2, 30) . The association of cholesterol and sphingolipid with HCV particles is also important for virion maturation and infectivity (3) . The inhibitors of the sphingolipid biosynthetic pathway, ISP-1 and HPA-12, which specifically inhibit serine palmitoyltransferase (SPT) (23) and ceramide trafficking from the endoplasmic reticulum (ER) to the Golgi apparatus (37) , suppress HCV virus production in cell culture but not viral RNA replication by the JFH1 replicon (3) . Other serine SPT inhibitors (myriocin and NA255) inhibit genotype 1b replication (4, 29, 33) . Very-low-density lipoprotein (VLDL) also interacts with the HCV virion (15) .
Sakamoto et al. reported that sphingomyelin bound to HCV RNA-dependent polymerase (RdRp) at the sphingomyelin binding domain (SBD; amino acids 230 to 263 of RdRp) to recruit HCV RdRp on the lipid rafts, where the HCV complex assembles, and that NA255 suppressed HCV replication by releasing HCV RdRp from the lipid rafts (29) . In the present study, we analyzed the effect of sphingomyelin on HCV RdRp activity in vitro and found that sphingomyelin activated HCV RdRp activity in a genotype-specific manner. We also determined the sphingomyelin activation domain and the activation mechanism. Finally, we confirmed our biochemical data by a HCV replicon system.
MATERIALS AND METHODS
HCV RNA polymerase. A C-terminal 21-amino-acid deletion was made to the HCV RdRps of strains HCR6 (genotype 1b) (36) , NN (1b) (35) , Con1 (1b) (5), JFH1 (2a) (36) , J6CF (2a) (25) , H77 (1a) (7) , and RMT (1a), and the mutants were purified from bacteria as described previously (36) . HCR6 (1b) RdRp with the mutation L245A [RdRp(L245A)] or I253A [RdRp(I253A)] or the double mutation L245A and I253A [RdRp(L245A/I253A)]; JFH1 (2a) RdRp with the mutation(s) A242C/S244D, A242, S244D, or T251Q; J6CF (2a) RdRp with the mutation(s) R241Q, S244D, or R241Q/S244D; and H77 (1a) RdRp(A238S/Q248E) were introduced using an in vitro mutagenesis kit (Stratagene) and the oligonucleotides listed in Table S1 in the supplemental material. HCR6 (1b) His 6 -tagged RdRp(L245A/I253A) was removed from pET21b/KM (36) and cloned into the BamHI/XhoI site of pGEX-6P-3 (GE), resulting in pGEXHCVHCR6RdRp(L245A/I253A).
In vitro HCV transcription. In vitro HCV transcription was performed as described previously (36) . Briefly, following 30 min of preincubation without ATP, CTP, or UTP, 100 nM HCV RdRp was incubated in 50 mM Tris-HCl (pH 8.0), 200 mM monopotassium glutamate, 3.5 mM MnCl 2 , 1 mM dithiothreitol (DTT), 0.5 mM GTP, 50 M ATP, 50 M CTP, 5 M [␣-32 P]UTP, 200 nM RNA template (SL12-1S), 100 U/ml human placental RNase inhibitor, and the lipid (amount indicated below) at 29°C for 90 min. 32 P-labeled RNA products were subjected to 6% polyacrylamide gel electrophoresis (PAGE) containing 8 M urea. The resulting autoradiograph was analyzed with a Typhoon Trio plus image analyzer (GE).
RNA filter binding assay. An RNA filter binding assay was performed as described previously (36) . Briefly, 100 nM HCV RdRp and 100 nM 32 P-labeled RNA template (SL12-1S) were incubated with or without 0.01 mg/ml egg yolk sphingomyelin in 25 l of 50 mM Tris-HCl (pH 7.5), 200 mM monopotassium glutamate, 3.5 mM MnCl 2 , and 1 mM DTT at 29°C for 30 min. After incubation, the solutions were diluted with 0.5 ml of TE (50 mM Tris-HCl [pH 7.5], 1 mM EDTA) buffer and filtered through nitrocellulose membranes (0.45-m pore size; Millipore). The filter was washed five times with TE buffer, and the bound radioisotope was analyzed by Typhoon Trio plus after being dried.
Enzyme-linked immunosorbent assay (ELISA). Ninety-six-well microtiter plates (Corning) were coated with 250 ng of egg yolk sphingomyelin in ethanol by evaporation at room temperature. After the wells were blocked with phosphate-buffered saline (PBS) and 3% bovine serum albumin (BSA), they were incubated with 1 pmol of the HCV RdRp of HCR6 (1b) wild type (wt) or L245A, I253A, or L245A/I253A mutant; NN (1b); H77 (1a); RMT (1a); J6CF (2a); or JFH1 (2a) wt or A242C/S244D, A242, S244D, or T251Q mutant in Tris-buffered saline (50 mM Tris-HCl [pH 7.5] and 150 mM NaCl) for 1.5 h at room temperature. After being blocked with 3% BSA, the bound HCV RdRp was detected by adding rabbit anti-HCV RdRp serum (1:5,000) (see Fig. S1 in the supplemental material) (17) before incubation with a horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody (1:5,000; Southern Biotech). The optical density at 450 nm (OD 450 ) was measured with a Spectra Max 190 spectrophotometer (Molecular Devices) using a TMB (3,3Ј,5,5Ј-tetramethylbenzidine) Liquid Substrate System (Sigma).
HCV subgenomic replicon. A D244S mutation was introduced into the HCV strain NN (1b) subgenomic replicon pLMH14 (35) , resulting in pLMH(NN)5B(D244S) [where 5B(D244S) is the NS5B protein with the mutation D244S]. The A242C/S244D mutation was introduced into the HCV JFH1 (2a) replicon, pSGR-JFH1/luc (25) , resulting in pSGR-JFH1/luc5B(A242C/S244D). The HpaI and XbaI fragment of pSGR-JFH1 (18) was replaced with that of pSGR-JFH1/luc5B(A242C/S244D), resulting in pSGR-JFH15B(A242C/S244D). The A238S/Q248E mutation was introduced into HCV H77 (1a) replicon pHCVrep13(S2204I)/Neo (7) after the neomycin gene was replaced by the firefly luciferase gene [pH77(I)/luc] by insertion of AflII and AscI sites (see Table S1 in the supplemental material), resulting in pH77(I)/luc5B(A238S/Q248E). Subgenomic replicon RNA was transcribed in vitro by T7 RNA polymerase using MegaScript (Ambion) after the replicon plasmids were linearized by XbaI (strain NN and JFH1 replicons) or HpaI (strain H77 replicon). Subgenomic replicon RNA was stored at Ϫ80°C after being purified by phenol-chloroform extraction and ethanol precipitation.
Replicon assay with myriocin. Huh7.5.1 cells were kindly provided by F. Chisari and were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco) with 10% fetal bovine serum (FBS; Gibco) (38) . HCV replicon RNA (10 g) was transfected into 4 ϫ 10 6 Huh7.5.1 cells (1 ϫ 10 7 /ml) in OptiMEM I (Gibco) by electroporation (GenePulser Xcell; Bio-Rad) at 270 V, 100 ⍀, and 950 F. After transfection, the cells were plated in 12-well plates incubated in DMEM-10% FBS. At 6 h after transfection, cells were treated with 0, 5, and 50 nM myriocin. At 4, 54, and 78 h after transfection (48 and 72 h after myriocin treatment), the cells were harvested, and luciferase activity was measured using a Dual-Glo luciferase assay kit and a GloMax 96 Microplate Luminometer (Promega). Luciferase activity was normalized against the activity at 4 h after transfection (26) .
HCV JFH1 wt and NS5B(A242C/S244D) replicon cells. Huh7/scr cells were kindly provided by F. Chisari of the Scripps Research Institute and were maintained in Dulbecco's modified Eagle's medium (Gibco) with 10% fetal bovine serum (Gibco). RNA (10 g each) from SGR-JFH1 and SGR-JFH1 with the mutations A242C/S244D in NS5B [NS5B(A242C/S244D) was transfected into 4 ϫ 10 6 Huh7/scr cells (1 ϫ 10 7 /ml) in OptiMEM I (GIBCO) by electroporation (GenePulser Xcell; Bio-Rad) at 270 V, 100 ⍀, and 950 F. After transfection, the cells were plated in 10-cm dishes and incubated in DMEM-10% FBS with 1.0 and 0.5 mg/ml G418 (Gibco). JFH1 wt and NS5B(A242C/S244D) replicon cells were maintained in DMEM-10% FBS and 0.5 mg/ml G418.
Membrane floating assay. JFH1 wt and NS5B(A242C/S244D) replicon cells were suspended in two packed cell volumes of hypotonic buffer (10 mM HEPESNaOH [pH 7.6], 10 mM KCl, 1.5 mM MgCl 2 , 2 mM DTT, and 1 tablet/25 ml of EDTA-free protease inhibitor cocktail tablets [Roche] ) and disrupted by 30 strokes of homogenization in a Dounce homogenizer using a tight-fitting pestle at 4°C. After nuclei were removed by centrifugation at 2,000 rpm for 10 min at 4°C, the supernatant (postnuclear supernatant [PNS]) was treated with 1% Triton X-100 in TNE buffer (25 mM Tris-HCl [pH 7.6] 150 mM NaCl, 1 mM EDTA) for 30 min on ice. The lysates were supplemented with 40% sucrose and centrifuged at 38,000 rpm in a Beckman SW41 Ti rotor (Beckman Coulter) overlaid with 30% and 10% sucrose in TNE buffer at 4°C for 14 h.
Western blotting. Western blotting using anti-HCV RdRp (17), rabbit anti-NS3 (32), anti-NS5A (16) and anti-caveolin-2 was performed as previously published (17) .
Reagent. Egg yolk sphingomyelin, cholesterol phosphocholine, myriocin, and rabbit anti-caveolin-2 antibodies were purchased from Sigma. Hexanoyl sphingomyelin, C 6 -ceramide, C 8 -␤-D-glucosyl ceramide, and C 8 -␤-D-lactosyl ceramide were purchased from Avanti Polar Lipids. [␣-32 P]UTP was purchased from New England Nuclear.
Statistical analysis. Significant differences were evaluated using P values calculated from a Student's t test.
Nucleotide sequence accession number. The sequence of HCV RMT has been deposited in the GenBank under accession number AB520610.
RESULTS

Sphingomyelin activation of HCV RNA polymerases of various genotypes.
There are several sequence variations in the sphingomyelin binding domain (SBD; amino acids 231 to 260 of HCV RdRp) among HCV genotypes (see Fig. 7A ). In order to compare the RdRps of different genotypes of HCV, we purified RdRp from genotypes 1b (strains HCR6, NN, and Con1), 1a (H77 and MRT), and 2a (JFH1 and J6CF) (see Fig.  S2 in the supplemental material). First, the effect of ethanol on HCV HCR6 (1b) RdRp transcription was examined because lipids were suspended in ethanol before they were added to the HCV transcription reaction mixture. We found that 2% ethanol did not inhibit HCV transcription (see Fig. S3 in the supplemental material); therefore, all subsequent experiments were performed using less than 2% ethanol.
The kinetics of sphingomyelin activation were analyzed using egg yolk sphingomyelin for HCR6 (1b) RdRp wt ( Fig. 1A ) and subtype 2a (JFH1 and J6CF) RdRps (Fig. 1B) , and N-hexanoyl-D-erythro-sphingosylphosphorylcholine (hexanoyl sphingomyelin) was used for HCR6 (1b) RdRp wt ( Fig.  1C ) and subtype 1a (H77 and RMT) RdRps (Fig. 1D ). The egg yolk sphingomyelin activation curve of HCR6 (1b) RdRp wt at low concentrations (Ͻ0.01 mg/ml) was sigmoid. The transcription activity of HCR6 (1b) RdRp wt increased in a dosedependent manner. It was activated 11-fold at 0.01 mg/ml and then plateaued (14-fold activation) at 0.1 mg/ml. However, JFH1 (2a) and J6CF (2a) RdRps were activated 2.5-fold and 2.2-fold, respectively, at 0.01 mg/ml sphingomyelin, at which point they plateaued.
Egg yolk sphingomyelin is a mixture. In order to obtain the optimal molar ratio for sphingomyelin activation of HCR6 (1b) RdRp wt, its activation kinetics were calculated using hexanoyl sphingomyelin (Fig. 1C , SM C6). The equation for the firstorder ratio of hexanoyl sphingomyelin activation according to linear regression fitting was as follows: y ϭ 7.1494x Ϫ 1.5398, where y is the activation ratio and x is the sphingomyelin concentration (r 2 ϭ 0.9978). RdRp activation had almost plateaued at 2 M hexanoyl sphingomyelin. The activation kinetics of JFH1 (2a) and J6CF (2a) RdRps in egg yolk sphingomyelin were biphasic and plateaued at 0.01 mg/ml. Those of RMT (1a) and H77 (1a) RdRps in hexanoyl sphingomyelin were also biphasic and plateaued at 2 M. The curve of the first order was fitted by linear regression. The molar ratio of RdRp to hexanoyl sphingomyelin at its plateau was calculated as 1:20.
Because RdRp activation had almost plateaued at 2 M hexanoyl sphingomyelin, we compared the effect of sphingomyelin on 100 M concentrations of RNA polymerases of the HCV 1a, 1b, and 2a genotypes using 2 M hexanoyl sphingomyelin ( Fig. 1E and Table 1 ).
Helix-turn-helix structure for sphingomyelin binding and activation. Sphingomyelin binds to the SBD peptide (see HCV SBD in Fig. 7 ) (29) . Initially, we tested whether SBD was the sphingomyelin binding site in HCV RdRp by ELISA ( Fig. 2A and Table 1 ). When the L245 and I253 residues of the SBD peptide were mutated to A, sphingomyelin binding activity was lost (29) . We introduced the same mutations in HCV HCR6 (1b) RdRp and purified HCR6 (1b) RdRp with mutations L245A, I253A, and L245A/I253A. Because the C-terminal Histagged HCR6 RdRp(L245A/I253A) was not soluble, it was solubilized by tagging of glutathione S-transferase (GST) sequence at the N terminus but lost polymerase activity. As the L245A/I253A mutant had lost its polymerase activity, polymerase activation was tested only for L245A and I253A (Fig. 2B and Table 1 ). These results confirmed that SBD located in the finger domain (residues 230E to 263G) successfully achieved sphingomyelin binding in HCV RdRp and that sphingomyelin did not bind to the SBD when the helix-turn-helix structure had been destroyed by the L245A or I253A mutation (29) .
The sphingomyelin binding activities of genotype 1a and 2a RdRps were also tested ( Fig. 2 and Table 1 ). Both JFH1 and J6CF were tested for genotype 2a because J6CF (2a) RdRp had an additional amino acid difference at position 241 in the SBD, and its sphingomyelin binding activity was very low ( Fig.  2A and 7A ; Table 1 ). J6CF (2a) RdRp(R241Q) showed the same sphingomyelin binding activity as HCR6 (1b) RdRp wt, indicating that 241Q was the critical amino acid for sphingomyelin binding. J6CF (2a) RdRp(S244D) and RdRp(R241Q/ S244D) also showed higher sphingomyelin binding activity than the wt (P Ͻ 0.001) but lower binding than the R241Q mutant. However, S244D showed higher RdRp activation than R241Q (P Ͻ 0.005), while the RdRp activation ratio of the double mutant (R241Q/S244D) was lower than that of S244D or R241Q, although all of them activated RdRp with sphingomyelin (P Ͻ 0.005) ( Fig. 2A and C and Table 1 ). For JFH1, when the JFH1 RdRp SBD was modified (A242C/S244D) to allow it to bind with more sphingomyelin than the wt (P Ͻ 0.005), the mutant JFH1 RdRp(A242C/S244D) was activated more than the wt by sphingomyelin (P Ͻ 0.005) ( Fig. 2A and C; Table 1 ). The sphingomyelin binding activity of JFH1 RdRp(T251Q) was 80.7% of that of HCR6 (1b), and its activation ratio was 1.8-fold. These results agree that SBD is both the sphingomyelin activation and binding domain and that the domains for these two activities are somehow different. We determined which amino acid, 242C or 244D, enhanced sphingomyelin binding by comparing HCR6 (1b) and JFH1 (2a) RdRps. Sphingomyelin binding of HCR6 (1b) RdRp(D244S) was 79% of that of the wt (P Ͻ 0.005) ( Fig.  2A and Table 1 ), and its activation by sphingomyelin was only 3.6-fold ( Fig. 2C and Table 1 ). The sphingomyelin binding of JFH1 (2a) RdRp(A242C) and RdRp(S244D) increased to 75.5% and 93.1%, respectively, of HCR6 (1b) RdRp wt ( Fig.  2A and Table 1 ). This was significantly higher than that of JFH1 (2a) RdRp wt (P Ͻ 0.005), and the sphingomyelin activation of JFH1 (2a) RdRp(A242C) and RdRp(S244D) was increased 1.0-fold and 3.1-fold, respectively (P Ͻ 0.005) (Fig.  2C and Table 1 ). From these mutation analyses of the J6CF and JFH1 RdRps, we concluded that 244D enhanced sphingomyelin binding and RdRp activation.
HCV 1a RdRps were not activated even though sphingomyelin bound to them (Fig. 1E and 2A and Table 1 ). We then tried to elucidate the domains responsible for sphingomyelin activation. There are 14 amino acids (residues 19, 25, 81, 111, 120, 131, 184, 270, 272, 329, 436, 464, 487, and 540) unique to genotype 1a RdRp in the region of residues 1 to 570 and two amino acid differences unique to 1a RdRp in SBD, i.e., 238A and 248Q (see Fig. 6A ). Initially, we focused on the SBD and introduced the A238S and Q248E mutations into the H77 (2a) RdRp SBD ( Fig. 2A and D and Table 1 ). The sphingomyelin binding activity of H77 (2a) RdRp(A238S/Q248E) was similar to that of H77 (2a) RdRp wt. The sphingomyelin activation ratio of H77 (2a) RdRp(A238S/Q248E) was increased 8.1-fold, leading us to conclude that these mutations are essential to sphingomyelin activation. (Fig. 3A) . The amount of lipids that gave the maximum activation was calculated from the kinetics of the lipids bound to HCR6 (1b) and JFH1 (2a) RdRps (Fig. 3B and Fig. 1C and 3B ). Cholesterol activated HCR6 (1b) RdRp slightly but did not activate JFH1 (2a) RdRp (Fig. 3C) . We therefore concluded that the phosphocholine of sphingomyelin bound to the SBD of HCV RdRp because the order of HCV RdRp activation was hexanoyl sphingomyelin Ͼ C 8 -lactosyl(␤) ceramide Ͼ C 8 -␤-D-glucosyl ceramide, and C 6 -ceramide did not activate HCV HCR6 (1b) RdRp. The polarity of the phosphocholine of sphingomyelin is important for HCV RdRp activation (see Fig. S5 in the supplemental material). In order to test whether phosphocholine activated HCV RdRp (Fig. 3D) , HCR6 (1b) RdRp was incubated with 0.4, 2, 20, 100, and 400 g and 2, 4, 11, 54, and 100 mg of phosphocholine. Up to 400 g of phosphocholine did not affect RdRp activity, but more than 2 mg of phosphocholine inhibited RdRp activity.
Effect of sphingomyelin on the template RNA binding of HCV RNA polymerase. The mechanism of HCV RdRp activation was analyzed. RNA polymerase changes its conformation throughout the different transcription steps, and template binding is the first step of transcription (9) . Therefore, the effect of sphingomyelin on template RNA binding activity was tested (Fig. 4A and Table 1 ). Sphingomyelin enhanced the template RNA binding of HCR6 (1b) RdRp wt but not that of JFH1 (2a), H6CF (2a), or H77 (1a) wt RdRp. When the A238S/Q248E mutation was introduced into H77 (1a) RdRp, the RNA binding was enhanced. J6CF (2a) RdRp R241Q and S244D mutants showed similar enhancement of RNA binding, but the R241Q/S244D double mutant did not. The activation effect of RNA binding of HCR6 (1b) RdRp mutants L245A, I253A, and D244S was lower than that of RdRp wt. JFH1 (2a) RdRp wt and RdRp(A242C/S244D) showed similar RNA binding activation levels. Based on a comparison of the sphingomyelin activation of HCR6 (1b) RdRp wt and its mutants which lost sphingomyelin binding with J6CF (2a) RdRp wt and the R241Q and S244D mutants and H77 (1a) RdRp wt and the A238S/Q248E mutant, we concluded that polymerase activation by sphingomyelin was induced mainly via activation of the template RNA binding of RdRp. RNA binding activity of JFH1 (2a) RdRp wt and RdRp(A242C/S244D) was almost saturated because RNA binding of these RdRps was not activated by sphingomyelin (see Fig. S4 in the supplemental material).
HCV RdRp has to be bound with sphingomyelin before or at the same time as it binds to template RNA. After RdRp had bound to the template RNA, sphingomyelin did not enhance template RNA binding strongly (Fig. 4B) .
Effect of the sphingomyelin binding domain mutations for HCV replicon activity with myriocin. In order to confirm sphingomyelin activation of HCV polymerase activity in a viral replication system, HCV replicon activity of the loss-of-function mutant HCV NN (1b) NS5B(D244S) and the gain-of- function mutants H77 (1a) NS5B(A238S/Q248E) and JFH1 (2a) NS5B(A242C/S244D) were compared with 5 and 50 nM myriocin treatment for 72 h (Fig. 5) . First, HCV replicon activity was compared as the relative luciferase activity (Fig. 5A ). Both JFH1 (2a) wt and NS5B(A242C/S244D) replicons showed similar and strong replicon activity (133 ϫ 10 3 Ϯ 12 ϫ 10 3 and 138 ϫ 10 3 Ϯ 8.5 ϫ 10 3 , respectively). JFH1 (2a) wt replicon was resistant to myriocin treatment, as reported by Aizaki et al. using other SPT inhibitors (3). The JFH1 (2a) NS5B(A242C/S244D) replicon became sensitive to myriocin but still showed higher replicon activity than NN (1b) or H77 (1a) replicons even at 50 nM myriocin.
To analyze the effect of mutations precisely, the replicon activity relative to each wt strain was compared (Fig. 5B) . The JFH1 (2a) wt replicon with 50 nM myriocin showed the same luciferase activity as the wt without myriocin (102% Ϯ 9.6%). JFH1 (2a) NS5B(A242C/S244D) replicon activity was the same as that of the wt without myriocin (103% Ϯ 12%); with 5 nM myriocin it was 84.1% Ϯ 6.6% of the wt level, but with 50 nM myriocin it was 70.3% Ϯ 5.3% of the wt level, which was significantly lower (P Ͻ 0.01). NN (1b) wt replicon activity was 45.3% Ϯ 6.6% with 5 nM myriocin and 21.7% Ϯ 2.9% with 50 nM myriocin relative to the wt level without myriocin. NN (1b) NS5B(D244S) replicon activity was 72.2% Ϯ 12% without myriocin (P Ͻ 0.05), 44.0% Ϯ 7.4% with 5 nM myriocin, and 38.1% Ϯ 4.2% with 50 nM myriocin relative to wt level without myriocin, which was significantly higher (P Ͻ 0.01). Thus, NN (1b) NS5B(D244S) showed lower replicon activity than the wt and was less sensitive to myriocin than the wt. H77 (1a) wt replicon activity was 59.9% Ϯ 4.2% with 5 nM myriocin and 49.2% Ϯ 6.4% with 50 nM myriocin relative to the wt level without myriocin. H77 (1a) NS5B(A238S/Q248E) replicon activity was 123% Ϯ 7.1% without myriocin (P Ͻ 0.01), 66.1% Ϯ 6.3% with 5 nM myriocin, and 38.0% Ϯ 4.1% with 50 nM myriocin relative to wt level without myriocin. Both H77 (1a) wt and NS5B(A238S/Q248E) replicons were sensitive to myriocin, and the replicon activity of NS5B(A238S/Q248E) was higher than that of the wt. JFH1 (2a) RdRp(A242C/S244D) localized in the DRM fractions. Myriocin sensitivity of JFH1 (2a) NS5B(A242C/S244D) replicon indicates the importance of 244D in JFH1 NS5B for sphingomyelin binding. To further confirm the role of 244D for recruitment of HCV RdRp to the detergent-resistant membrane (DRM), where the HCV replication complex exists, we compared the distribution of NS5A and NS5B of JFH1 (2a) wt and NS5B(A242C/S244D) in their replicon cells by sucrose density gradient centrifugation of the DRM (Fig. 6 ). NS5A proteins of both JFH1 (2a) wt and NS5B(A242C/S244D) replicons localized in the DRM fraction where caveolin-2 was present (11, 27) , but most of NS5B wt localized in the Tritonsoluble fractions. NS5B of JFH1 (2a) NS5B(A242C/S244D) replicon was shifted to the DRM fraction from the soluble fraction. The shift of NS5B(A242C/S244D) localization into the DRM demonstrated that SBD was the DRM localization domain of NS5B and that residue 244D was important for this localization.
DISCUSSION
Hepatitis C virus is an envelope virus, and the lipid components of the virion play important roles in HCV infectivity and virion assembly (3, 15, 20, 24) . HCV replication complexes localize in lipid raft structures/DRMs in the membrane frac- , and ␤-amyloid peptide (13, 22) . Although Con1 (1b) RdRp has a shorter helix structure than JFH1 (2a) RdRp (Fig. 6B) , the structures of their SBDs are very similar ( Fig. 7 ; see also Fig. S5 ). When the helix-turn-helix structure of the SBD was destroyed (HCR6 genotype 1b RdRp mutants L245A and I253A), the RdRp lost sphingomyelin binding activity and lost its activation (Fig. 2) .
In order to study the structure-function relationship of the SBD and sphingomyelin, we compared the SBD of genotype 1a, 1b and 2a RdRps and particularly focused on residue 244D in the turn and residues 241Q and 238S/248E in the helix domains. The polar amino acid 241Q and the negatively charged 244D of Con1 (1b) RdRp located on the surface of the RdRp molecule bind and interact with the positively charged choline residue of sphingomyelin ( amino acids at the tip of its turn structure. Once its 244S was changed to D, more sphingomyelin bound to JFH1 (2a) RdRp and activated the RdRp ( Fig. 2A and C) . The reason for the low activation of J6CF (2a) RdRp(R241Q/S244D) is not clear. Sometimes mutations affect the entire conformation of the molecule. In conclusion, from the comparison of sphingomyelin binding and activation of HCR6 (1b), J6CF (2a), and JFH1 (2a) RdRp SBD mutants, 241Q is the essential amino acid for sphingomyelin binding in the SBD. Amino acid 244D enhanced both binding and RdRp activation.
The in vitro sphingomyelin binding and RdRp activation experiments indicate that sphingomyelin binding and its RdRp activation are different biochemical reactions because we found controversial activation rates for sphingomyelin binding and RdRp activation among J6CF (2a) RdRp mutants (Fig. 2) . The relationship between sphingomyelin binding and the activation of polymerase activity was studied by comparing genotype 1b and 1a RdRps, both of which bind to sphingomyelin (Fig. 2) . However, 1a RdRp is not activated by sphingomyelin because both of the helix structures of 1a RdRp are probably terminated at 238A and 248Q, making its helix structures shorter than those of 1b RdRp (Fig. 6A) . The length of the helix structure may be essential for sphingomyelin activation because RdRp changes its structure to bind to template RNA when sphingomyelin binds to SBD (Fig. 4) .
HCV RdRp changes its conformations at the early stages of transcription initiation, including the template RNA binding step (6, 9) . Sphingomyelin binding is likely to change the conformation of 1b RdRp to recruit template RNA and initiate transcription efficiently. Comparison of the activation ratio of RNA binding and polymerase activity of 1b RdRp, J6CF (2a) RdRp wt and R241Q and S244D mutants, and JFH1 (2a) RdRp wt and mutant A242C/S244D suggests that steps other than RNA binding are also likely to be activated by sphingomyelin.
From a kinetic analysis of sphingomyelin activation ( Fig. 1C  and D) , 20 sphingomyelin molecules are estimated to interact with the SBD of RdRp and activate it because sphingomyelin activation plateaued at 20 sphingomyelin molecules per HCV RdRp molecule. It is not clear whether 20 sphingomyelin molecules form a micelle or a layer structure. However, the structure of sphingomyelin is important for the activation of HCV RdRp because phosphocholine did not activate the RdRp (Fig. 3D) .
To confirm these biochemical findings in HCV replication, we tested the effect of SBD mutations in HCV replicon systems with the SPT inhibitor myriocin (Fig. 5) (4, 33) because NA255 was not available. The loss-of-function mutant, HCV NN (1b) NS5B(D244S), showed lower replicon activity than NN (1b) wt and more resistance to 50 nM myriocin, which did not affect the viability of cells (4, 33) , than the wt. The gain-of-function mutant, H77 (1a) NS5B(A238S/Q248E), showed higher replicon activity than H77 wt and retained myriocin sensitivity because it had the sphingomyelin binding sites 241Q and 244D. At 50 nM myriocin, another gain-of-function mutant, JFH1 (2a) NS5B(A242C/S244D), was inhibited although its activity was the same as that of JFH1 (2a) wt without myriocin because the JFH1 wt replicon had high replicon activity without myriocin (Fig. 5A) . The JFH1 replicon activity may be maximal in the system; therefore, the JFH1 (2a) NS5B(A242C/S244D) replicon did not show higher activity than JFH1 (2a) wt without myriocin while H77 (1a) NS5B(A238S/Q248E) showed higher replicon activity than H77 wt.
The binding and RdRp activation activity of the amino acid 244 mutants by sphingomyelin did not differ greatly from the wt in vitro. However, the myriocin sensitivity of JFH1 (2a) NS5B(S244D) was demonstrated clearly. That of H77 (1a) NS5B(A238S/Q248E) indicated that sphingomyelin binding was the target of myriocin inhibition, not the sphingomyelin activation of RdRp. These data confirm the importance of 241Q, 244D, and the helix structure in SBD for HCV replication in the cells.
Sphingomyelin is the major component of the lipid raft structure/DRM where the HCV genome replicates. To confirm that the SBD is the membrane binding site of HCV RdRp, we analyzed the localization of NS5B of JFH1 (2a) wt and NS5B(A242C/S244D) replicons by membrane floating assay (Fig. 6) . JFH1 (2a) NS5B wt did not localize in the DRM. However, the localization of NS5B of the JFH1 (2a) NS5B(A242C/S244D) replicon shifted to the DRM from the soluble fractions. Previously, HCV NS5B was believed to localize in the DRM by its C-terminal hydrophobic sequences (21) . However, our data demonstrate that the SBD is the membrane localization domain of HCV NS5B, which agrees with the myriocin sensitivity of JFH1 (2a) NS5B(A242C/ S244D) replicons (Fig. 5 ) and the release of HCV 1b NS5B from the DRM by another SPT inhibitor, NA255 (29) . This is the first report of RNA polymerase activation by lipids. Twenty sphingomyelin molecules interact with SBD, particularly with residues 241Q and 244D of HCV (1b) RdRp, and change the conformation of the RdRp in order to recruit RNA templates. At the same time, HCV RdRp molecules may be aligned on the sphingomyelin layer formed via interactions between the hydrocarbon chains of sphingosine and fatty acids via placement of their SBD into the layer (Fig. 7C) . Consistent with previous research (3, 23, 37) , our findings explain why the inhibitors of the sphingolipid biosynthetic pathway influence subgenomic replicons derived from HCV genotypes 1a and 1b but not those derived from JFH1 (2a) (Fig. 5) . Most HCV isolates have 241Q in NS5B, and some of them also have 244D (Fig. 7A) . These sphingomyelin interactions are new targets for the treatment of HCV.
